primer. A sequence change from T to G at nucleotide position 1,908 occurred in CAST/Ei relative to inbred strains, such as DBA/2J, C3HeB/FeJ, C57BL/6J, and BALB/cByJ (data not shown); however, this polymorphism does not change the coding of this alanine residue and could account for the non-Lc-specific difference seen in Fig. 2a . , post-NMDG holding currents were very small. In a few Lc/+ cells however, the final holding currents in the presence of NMDG were very large despite the decrease observed in response to this substitution (Fig. 3b , open circles, n ¼ 2). This large residual holding current was probably a sign of compromised recording integrity, evidence of which had initially been masked by the Lc/+ constitutive current. Thus data from these cells were excluded from the mean calculations of both basic Lc/+ membrane properties (holding current and conductance; Fig. 3a ) and changes in these values produced by NMDG substitution (Fig. 3c ) to avoid artefactually increasing the Lc/+ effect. The values we report here, therefore, were derived only from those Lc/+ cells for which the post-NMDG holding currents were more positive than −230 pA. Electrophysiology in Xenopus oocytes. Two oligonucleotides were designed with homology to the 5Ј and 3Ј ends of the mouse GluRd2 cDNA coding sequence. The Lc mutation was generated using the bridge PCR mutagenesis method 22 . The Lc mutation in mutant clones was verified by sequencing. In vitro translation was used to confirm that both wild-type and mutant constructs yielded the expected products of M r ϳ110K in an SDS-PAGE gel. Concentrations of cRNAs were measured by gel electrophoresis and spectrophotometer. Approximately 65-85 ng per 50 nl of the cRNAs were injected into stage V or VI oocytes from Xenopus laevis (Nasco and Xenopus Express). Electrophysiological recordings were performed 1-3 days postinjection using the two-microelectrode voltage-clamp configuration at room temperature 23 . The recording-bath chamber was ϳ150 l in volume and the flow rate 2-3 ml min −1 . Most recordings were made in a Na/Ca solution containing (in mM): 130 NaCl, 2 CaCl 2 and 10 HEPES, pH 7.3. For NMDG substitution experiments, an equimolar substitution of NMDG for NaCl was made (pH 7.3, adjusted with HCl). Fresh stock solutions were made in the Na/Ca recording solution and kept on ice: L-glutamate (100 mM, Sigma), L-aspartate (100 mM, Sigma), glycine (100 mM, Sigma), kainic acid (1 mM, Research Biochemicals), CNQX (1 mM, Research Biochemicals, AP5 (1 mM, Research Biochemicals), 7-chlorokynurenic acid (10 mM, Research Biochemicals). For resting-potential measurements, close readings between two microelectrodes (less than 5 mV difference) were indicating of good seals of the microelectrodes to the oocyte membrane. When NMDG bath was perfused after Na + bath, the readings of two microelectrodes moved very closely to more hyperpolarized or negative directions until they reached a relatively stable state, between −50 and −90 mV. Some oocytes did not reach such a hyperpolarized state with NMDG, either before or after changes of external baths for measurements, usually indicating compromised membrane integrity, so these oocytes were not further studied.
. For NMDG-substituted external saline, all NaCl in the above formulation was replaced with 138 mM NMDG and the pH was adjusted with HCl, reducing external Na + concentration to 27.3 mM (thereby changing E Na from about +67.4 mV to +23.2 mV). Internal solution of (in mM): 15 KCl, 135 potassium gluconate, 1 MgCl 2 , 10 HEPES, 4 Na 2 ATP, 1 Na 3 GTP, 10 sucrose, pH ϳ7.25, 300 mmol kg −1 . Series and input resistances were derived from membrane current responses to 125-ms voltage steps to −75 mV. Fewer Purkinje cells were visible in Lc/+ than in wild-type cerebellar slices, and those that were present appeared shrivelled and granular. In mutant slices, those Purkinje cells that appeared most healthy were chosen for electrophysiological analysis. The two alleles, Lc/+ and Lc J /+, were indistinguishable in electrophysiological recordings and results were combined. Lc/+ recordings segregated into two groups based on their final holding currents following NMDG substitution. In most Lc/+ Purkinje cells (Fig. 3b , filled circles, n ¼ 7), post-NMDG holding currents were very small. In a few Lc/+ cells however, the final holding currents in the presence of NMDG were very large despite the decrease observed in response to this substitution (Fig. 3b , open circles, n ¼ 2). This large residual holding current was probably a sign of compromised recording integrity, evidence of which had initially been masked by the Lc/+ constitutive current. Thus data from these cells were excluded from the mean calculations of both basic Lc/+ membrane properties (holding current and conductance; Fig. 3a ) and changes in these values produced by NMDG substitution (Fig. 3c ) to avoid artefactually increasing the Lc/+ effect. The values we report here, therefore, were derived only from those Lc/+ cells for which the post-NMDG holding currents were more positive than −230 pA. Electrophysiology in Xenopus oocytes. Two oligonucleotides were designed with homology to the 5Ј and 3Ј ends of the mouse GluRd2 cDNA coding sequence. The Lc mutation was generated using the bridge PCR mutagenesis method 22 . The Lc mutation in mutant clones was verified by sequencing. In vitro translation was used to confirm that both wild-type and mutant constructs yielded the expected products of M r ϳ110K in an SDS-PAGE gel. Concentrations of cRNAs were measured by gel electrophoresis and spectrophotometer. Approximately 65-85 ng per 50 nl of the cRNAs were injected into stage V or VI oocytes from Xenopus laevis (Nasco and Xenopus Express). Electrophysiological recordings were performed 1-3 days postinjection using the two-microelectrode voltage-clamp configuration at room temperature 23 . The recording-bath chamber was ϳ150 l in volume and the flow rate 2-3 ml min −1 . Most recordings were made in a Na/Ca solution containing (in mM): 130 NaCl, 2 CaCl 2 and 10 HEPES, pH 7.3. For NMDG substitution experiments, an equimolar substitution of NMDG for NaCl was made (pH 7.3, adjusted with HCl). Fresh stock solutions were made in the Na/Ca recording solution and kept on ice: L-glutamate (100 mM, Sigma), L-aspartate (100 mM, Sigma), glycine (100 mM, Sigma), kainic acid (1 mM, Research Biochemicals), CNQX (1 mM, Research Biochemicals, AP5 (1 mM, Research Biochemicals), 7-chlorokynurenic acid (10 mM, Research Biochemicals). For resting-potential measurements, close readings between two microelectrodes (less than 5 mV difference) were indicating of good seals of the microelectrodes to the oocyte membrane. When NMDG bath was perfused after Na + bath, the readings of two microelectrodes moved very closely to more hyperpolarized or negative directions until they reached a relatively stable state, between −50 and −90 mV. Some oocytes did not reach such a hyperpolarized state with NMDG, either before or after changes of external baths for measurements, usually indicating compromised membrane integrity, so these oocytes were not further studied.
For current-voltage relationships, oocytes were held at their resting potentials and stimulated with voltage steps of 50 ms and 10 mV from −140 to +100 mV, each pulse being separated by 2 s. Currents were measured after 25-ms during each pulse. Conductance was derived from the difference between the holding currents at −50 and at −60 mV.
. Here we report that sn-2 arachidonylglycerol (2-AG), a cannabinoid ligand isolated from intestinal tissue 4 , is present in brain in amounts 170 times greater than anandamide. 2-AG is produced in hippocampal slices by stimulation of the Schaffer collaterals, an excitatory fibre tract that projects from CA3 to CA1 neurons. Formation of 2-AG is calcium dependent and is mediated by the enzymes phospholipase C and diacylglycerol lipase. 2-AG activates neuronal cannabinoid receptors as a full agonist, and prevents the induction of long-term potentiation at CA3-CA1 synapses. Our results indicate that 2-AG is a second endogenous cannabinoid ligand in the central nervous system. Anandamide fulfils several criteria of an endogenous cannabinoid substance: (1) it is present in brain and activates cannabinoid receptors 3 ; (2) it is released from depolarized neurons 5, 6 ; and (3) it undergoes rapid biological inactivation 5, [7] [8] [9] [10] . Nevertheless, the exceedingly low levels of anandamide in brain [11] [12] [13] [14] and the discrepancies observed between its pharmacological properties and those of other cannabinoid drugs 15 indicate that additional cannabinoids may exist. In support of this possibility, cannabinoid receptor ligands that are chemically distinct from anandamide have been found in tissues 4, 16 . One such ligand was isolated from dog intestine and characterized as sn-2 arachidonylglycerol (2-AG) 4 . 2-AG binds to cannabinoid receptors and exerts several effects typical of cannabinoid drugs 4, 17 . Yet the possible role of 2-AG as an endogenous cannabinoid remains unknown; even its occurrence in brain is at present controversial 4, 17 . To determine whether 2-AG is present in brain, we analysed lipid extracts of rapidly frozen rat brains using gas chromatography/mass spectrometry (GC/MS). A component was eluted from the GC at the retention time of 2-AG (analysed as bis trimethylsilylether derivative; Fig. 1a , b, n ¼ 4). We identified this component from its electron-impact mass spectrum ( Figure 1b also shows another GC component, which we identified as 1(3)-AG from its retention time and mass spectrum (data not shown). Although we recovered a substantial amount of 1(3)-AG (1:6 Ϯ 0:6 nmol g −1 , 40% of total AG, n ¼ 3), this could be entirely accounted for by non-enzymatic isomerization of 2-AG. Indeed, when we subjected synthetic 2-AG to sample preparation, we found that 43:3 Ϯ 5:6% was isomerized to 1(3)-AG (n ¼ 6). Considering this reaction, we estimate that the content of 2-AG in brain is 4:0 Ϯ 1:8 nmol g −1
.
We made a similar correction in all subsequent measurements.
Because we used brains frozen within 10 s of decapitation, the levels of 2-AG obtained in our experiments are unlikely to reflect postischaemic lipid breakdown 18 . This conclusion was confirmed by measuring anandamide, which is sensitive to ischaemic challenge 12 .
We measured 23 Ϯ 3 pmol of anandamide per g of brain, a value that tallies well with those previously reported [11] [12] [13] [14] . These analyses demonstrate that 2-AG is a prominent constituent of brain tissue, about 170 times more abundant than anandamide.
We determined whether neural activity affects 2-AG production by electrically stimulating superfused slices of hippocampus. Highfrequency stimulations (HFS) of the Schaffer collaterals, an excitatory CA1 afferent, elicited robust responses in CA1. Without stimulation, we measured 8:6 Ϯ 3:5 pmol of 2-AG per slice (n ¼ 6). HFS produced a fourfold increase in 2-AG levels, to 32:0 Ϯ 11:2 pmol per slice (Fig. 2a) 
ions, indicating that 2-AG formation required both neuronal depolarization and external Ca 2+ (Fig. 2b, c) . Moreover, HFS was specific in stimulating 2-AG production, as the levels of 1(3)-palmitylglycerol and 1(3)-stearylglycerol were not significantly changed (Fig. 2a-c and data not shown) . In cultured neurons, anandamide formation is increased by membrane-depolarizing agents 5, 6 . However, HFS had no significant effect on anandamide levels in hippocampal slices. Anandamide was 1:5 Ϯ 0:7 pmol per slice before, and 0:8 Ϯ 0:4 pmol per slice after stimulation (n ¼ 7; Fig. 2a) .
HFS increased 2-AG production only when Ca 2+ was present in the superfusing medium. This suggests that Ca 2+ stimulates enzyme activities involved in 2-AG production or that Ca 2+ is required for the release of neurotransmitters that elicit 2-AG production. To address these possibilities, we studied 2-AG formation in serum-free cultures of rat brain neurons, which lack Ca 2+ -dependent neurotransmitter release 19 . We labelled the neurons with [ 14 C]arachidonic acid (AA) and analysed the lipids by thin-layer chromatography (TLC). Figure 3a shows (Fig. 3b) . Thus, although -dependent formation of this lipid may be less prominent in astrocytes than in neurons. 2-AG may be produced through three main biochemical routes. In intestine, 2-AG accumulates during the digestion of dietary triacylglycerols 20 . In other tissues, 2-AG formation may result from the cleavage of phospholipids in membranes (initiated by phospholipase C; PLC) 21 or from the breakdown of triacylglycerols (initiated by neutral lipase) 20 . The PLC inhibitor U73122 is potent in preventing the accumulation of [ 14 C]2-AG in neurons (Fig. 3c, d) , with a median inhibitory concentration (IC 50 ) of 0.2 M. To confirm these results and test which PLC isoenzyme(s) may be implicated, we used two additional PLC inhibitors: ET-18, which blocks phosphoinositide-specific PLC, and D-609, which blocks phosphatidylcholine-specific PLC. ET-18 prevented [
14 C]2-AG formation with an IC 50 of 5 M (Fig. 3c) , whereas D-609 was ineffective even when used at 100 M (ionomycin, 170 Ϯ 12% of basal; ionomycin plus D-609, 242 Ϯ 37% of basal, n ¼ 6).
The primary lipid product of PLC activity is diacylglycerol (DAG), which is then hydrolysed to sn-2 acylglycerol by DAG lipase activity 22 . If 2-AG production in neurons is initiated by PLC, 2-AG should accumulate in parallel with DAG. Accordingly, [
C]DAG and [
14 C]2-AG levels increased by a similar extent when neurons were incubated in a medium containing Ca 2+ (basal) or Ca 2+ plus ionomycin (Fig. 3a) . We obtained further evidence that DAG serves as a precursor for 2-AG using the DAG lipase inhibitor RHC 80267. At 100 M, this drug reduced both [ 14 C]2-AG formation (Fig. 3c, d ) and [ 14 C]DAG hydrolysis (Fig. 3d) , whereas it had no effect on [ 3 H] inositol phosphate accumulation (data not shown). These experiments suggest that 2-AG formation is mediated by PLC and DAG lipase activities. We cannot exclude, however, that other lipases such as PLA 1 or triacylglycerol lipase may also be involved. We investigated next the functional consequences of 2-AG binding to CB1 cannabinoid receptors. Cortical neurons in culture express CB1 receptors that are negatively coupled to adenylyl cyclase activity through a G i /G o protein 23 . Accordingly, the CB1 receptor agonist WIN-55212-2 (3 M) inhibited forskolin-induced cAMP accumulation, an effect that was reverted by the CB1 antagonist SR-141716 (1 M) or by pertussis toxin (Fig. 4a) . 2-AG (10 M) elicited a quantitatively similar inhibition which was also sensitive to SR-141716 and pertussis toxin (Fig. 4a) . This effect occurred with a potency (IC 50 ¼ 0:8 M, Fig. 3b ) consistent with the affinity of 2-AG for CB1 receptors (K i ¼ 0:7-2:4 M) 4,17 and comparable to the potency of anandamide (IC 50 ¼ 1:2 M, Fig. 4b ). 1(3)-AG also decreased cAMP accumulation, whereas 1(3)-palmitylglycerol and 1(3)-stearylglycerol had no effect (Fig. 4b) . These results indicate that 2-AG activates neuronal CB1 receptors as a full agonist and with a potency similar to that of anandamide.
CB1 agonists inhibit hippocampal long-term potentiation (LTP) 24, 25 , a model for learning and memory, and impair shortterm memory tasks that are associated with the firing of hippocampal cells 26, 27 . We therefore examined whether 2-AG affects LTP expression. HFS of the Schaffer collaterals caused a sustained increase in the slope of the field excitatory postsynaptic potentials (EPSP) recorded in CA1 stratum radiatum: the EPSP slope measured 60 min after HFS was 156 Ϯ 6% of basal values measured before HFS (Fig. 5a, b) . LTP was completely suppressed when 2-AG (20 M) was administered before HFS (102 Ϯ 8% of basal; Fig. 5a,  b) . By contrast, 2-AG had little or no effect on EPSP when administered to non-tetanized slices (Fig. 5c, f) . Moreover, 2-AG had no effect on established LTP (160 Ϯ 7% of basal, n ¼ 4). The blockade of LTP by 2-AG probably resulted from the activation of CB1 receptors, because: (1) the active isomer 1(3)-AG, but not 1(3)-stearylglycerol, prevented LTP induction (Fig. 5d, f) ; and (2) 2-AG had no effect on LTP when applied together with the CB1 antagonist SR-141716 (2 M) (152 Ϯ 10% of basal; Fig. 5e, f) . These results suggest that 2-AG acting at CB1 receptors inhibits LTP induction without affecting basal synaptic transmission.
In conclusion, we have shown that neural activity and Ca 2+ entry may evoke the formation of 2-AG which may, in turn, activate CB1 receptors in neurons and modulate the induction of LTP at CA3/ CA1 synapses. Our experiments suggest therefore that 2-AG, like anandamide, may serve an endogenous cannabinoid role. However, 2-AG appears to differ from anandamide in at least two ways. First, the formation of 2-AG may be initiated by PLC activity, whereas that of anandamide may be catalysed by PLD activity 5, 11, 28 . Second, 2-AG and anandamide may be produced under distinct physiological conditions or in distinct brain regions. Thus, despite their common ability to activate cannabinoid receptors, the physiopathological implications of these signalling molecules may be different. Such demarcation should be instrumental in identifying pharmacological agents that selectively interfere with discrete components of the endogenous cannabinoid system. 
Methods
Lipid analyses. The methods used for rapid brain freezing, methanol/ chloroform extraction of the lipids, open-bed chromatography and normal phase high-performance liquid chromatography (HPLC) have been described previously 14 . TLC analyses were carried out on silica gel G plates, eluted with a solvent system consisting of the organic phase of ethyl acetate/methanol/water/ ammonia (20 : 1 : 10 : 1, v/v). Synthetic standards were visualized by phosphomolybdic acid staining, and radioactive lipids were localized by autoradiography using a Phosphor-Imager 445 SI apparatus (Molecular Dynamics, Sunnyvale, CA). Radioactivity in TLC fractions was determined by liquid scintillation counting. For GC/MS analyses of acylglycerols as TMS derivatives 14 , we added 1( . The ion at m/z 427 was used in quantitative SIM analyses to calculate recoveries. After correction for recoveries, brain 2-AG was quantified by comparison with calibration curves constructed using synthetic 2-AG. The GC/MS isotope dilution method used to quantify anandamide as TMS derivative will be described in detail elsewhere (A. Giuffrida, R. Kuczenski and D.P., manuscript in preparation).
Cell cultures, radioactive labelling and incubations. Primary cultures of cortical neurons (5-7 days in vitro) or astrocytes (6-8 weeks in vitro) were prepared as described previously 6, 29 . Cells maintained in 6-mm culture dishes were incubated for [18] [19] [20] (1.2 nmol as internal standards). The slices were homogenized and subjected to lipid analysis (see above). For LTP experiments, we recorded EPSPs with an extracellular 3 M NaCl-filled glass electrode (resistance 1-3 mQ) placed in CA1 stratum radiatum, while stimulating the Schaffer collaterals at an intensity sufficient to evoke a 40% maximal response. The same intensity was kept for the HFS, which consisted of 2 trains (100 Hz) of 1 s each, applied 20 s apart. Drugs were added to the ACSF from stock solutions in dimethyl sulphoxide. The final concentration of dimethyl sulphoxide was 0.1%. Preliminary GC/MS analyses showed that 30% of exogenously added 2-AG (Deva Biotech, Harboro, PA) was adsorbed to the superfusion apparatus. Therefore, to obtain a final concentration of 20 M, we added 30 mol l −1 2-AG to the ACSF.
